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Ferroelectric domain reversal has been achieved by scanning a tightly focused, strongly absorbed
UV-laser beam across the x- and y-faces of lithium niobate crystals. The domains were investigated
by piezoresponse force microscopy. The emergence and width of any domain was found to depend
on the scanning direction of the irradiating laser beam with respect to the polar z-axis. Full width
and half width domains, or no domain formation at all could be achieved for scanning along speci¯c
directions. We interpret the results by a direct correlation between the local temperature gradient
and the resulting polarization direction.
PACS numbers: 77.65.-j, 68.37.Ps, 77.80.Dj
Lithium niobate (LiNbO3) has recently become the
material of ¯rst choice for nonlinear optical applica-
tions in the visible and near-infrared wavelength range.1
In many cases patterning of ferroelectric domains at
a length scale of sub-to-few microns is required. For
instance frequency conversion employing quasi-phase
matching relies on a periodically poled domain pattern.2
Domain patterning is in general performed by electric
¯eld poling (EFP) with structured electrodes, which re-
verses the direction of polarization by locally applying an
electric ¯eld along the polar z-axis of the crystal, exceed-
ing the so-called coercive ¯eld (Ec).3
A di®erent approach for domain patterning uses direct
UV-laser beam writing.4 It was found that irradiating the
¡z-face of LiNbO3 with a tightly focussed, strongly ab-
sorbed UV-laser beam creates ferroelectric domains along
the laser-written track without any application of an ex-
ternal electric ¯eld. The very same procedure on the +z-
face results in poling inhibition of the irradiated area.5
In both cases, i.e. of direct poling and poling inhibition,
the resulting domains were found to follow the laser track,
irrespective of the writing direction with respect to the
crystallographic axes, and to expand a few microns into
the crystal depth.
Indeed for some applications such as speci¯c waveguide
con¯gurations6,7 or e±cient frequency doubling in whis-
pering gallery mode (WGM) resonators8 domain pattern-
ing via the x- and y-faces of LiNbO3 is also desired. In
the case of ridge waveguides the issue was addressed using
a cumbersome fabrication process for the electrodes and
thereby poling across the ridges (and thus again along the
z-axis).9,10 For WGM resonators, utilizing radially poled
z-cut crystals might be a possible alternative.11 Although
isolated solutions for speci¯c applications have been de-
veloped, an easy-to-apply method for domain patterning
via the non-polar faces is still needed. A ¯rst approach
addressing this issue has been reported recently, creat-
ing domains on the y-face of LiNbO3 crystals by electron
beam writing.12
In this contribution, we present UV-laser-induced fer-
roelectric domain inversion by irradiating the x- and y-
faces of LiNbO3 crystals. Interestingly, the emergence
and width of any domain formed was found to depend
on the scanning direction of the irradiating laser beam
with respect to the direction of the polar z-axis.
FIG. 1: Topography (a) and simultaneously recorded PFM
image (b) of an Mg-doped x-cut LiNbO3 crystal, previously
irradiated with a UV-laser beam scanned along the y-axis. As
best seen by the line scans in (c) a domain of half the width of
the laser beam has been generated. The narrow line features
seen in (b) are thermo-induced defects.
For our experiments, we used 500￿m thick x- and y-
cut crystals of congruent lithium niobate (CLN) from
Crystal Technology, Inc. and congruent lithium niobate
with 5mol% magnesium doping (MgCLN) from Yamaju
Ceramics Co.,Ltd. UV-laser light of 275nm wavelength
with an incident power of 35mW was focused on the crys-
tal surfaces to a spot focal diameter of 5￿m (FWHM).
The absorption length is of the order of one micron only13
giving rise to strong local heating of the crystal at the
laser-irradiated area. In order to write laser tracks, the
crystals were moved with a velocity of v = 100￿m/s using
a high-precision computer-controlled translation stage.
Laser tracks were written either parallel, antiparallel, or
perpendicular to the z-axis of the crystal, denoted later
as v ¶ z, v ¿ z, and v ? z, respectively. The generated
domain patterns were investigated by piezoresponse force
microscopy (PFM).14
Figure 1 shows the result of a UV-irradiated track,
written along the y-direction on an x-cut sample. The
width of the UV-irradiated track manifests itself in the
topography as a shallow indentation of ¼ 6nm depth
caused by a brief polishing step, which more e±ciently re-
moved the part of the crystal a®ected by the strong laser2
FIG. 2: Schematic illustration of the mechanism for domain
inversion of an x- or a y-cut LiNbO3 crystal upon UV-laser
irradiation. Due to the high absorption of the material, the
crystal is locally heated to its melting point, (a), leading to
opposing temperature gradients, (b). A bi-polar electric ¯eld
builds up, (c), which, in a region of width d, exceeds the
coercive ¯eld Ec and therefore leads to poling. The resulting
domain pattern is shown in (d).
irradiation (Fig. 1(a)). The broad bright stripe (shown
in grey) in the PFM image corresponds to a directly
poled domain (Fig. 1(b)). Obviously, domain inversion
occurred only within approximately half the width of the
UV-irradiated track (Fig. 1(c)). This characteristic is
con¯rmed by the presence of the thermo-induced damage
due to the irradiation procedure across the full width of
the irradiated track, which manifests itself as lines along
the three equivalent y axes in Fig. 1(b).
In order to comprehend the mechanism of UV-laser di-
rect poling via the non-polar faces of LiNbO3, we refer
to experiments where crystals were subjected to temper-
ature gradients along the z-axis either as bulk samples,
by annealing in an oven exhibiting a non-uniform temper-
ature pro¯le,15 or locally, by irradiation with a strongly
absorbed IR-laser beam.16 In these experiments, the di-
rection of the spontaneous polarization was observed to
follow the projection of the temperature gradient on the
z-axis: for the annealing procedure the +z-face devel-
oped at the warmer end of the crystal and for the case
of local laser irradiation a head-to-head domain bound-
ary formed at the center of the laser beam due to the
opposing temperature gradients. Both publications pre-
sume that the temperature gradient in the crystal causes
an electric ¯eld whose origin is of thermoelectric nature.
It is important to note that the experiments mentioned
above were carried out at temperatures close to, if not
above the Curie point of Tc = 1142±C. Indeed at tem-
peratures very close to Tc the value of the coercive ¯eld
is well below 100V/mm [Ref.17] and consequently small
electric ¯elds are su±cient to pole the crystal.
We now propose that the above described mechanism
applies also to our case of UV-laser irradiation. As in the
case of IR-laser irradiation,16 the crystal is locally heated
close to or even above Tc, and the opposing tempera-
ture gradients lead to a head-to-head domain boundary
FIG. 3: Dependence of the poling on the scanning direction of
the laser beam. (a{c) PFM images showing the in°uence of
both the direction and the chronology (from 1 O to 4 O) of laser
irradiation on a y-cut CLN crystal. The image sizes are 30 £
30￿m
2 in (a) and 5£5￿m
2 in (b and c). (d) shows a schematic
with the laser beam at the center and the bipolar electric
¯eld distribution inside. The arrows indicate the scanning
direction of the laser beam.
formed at the center of the laser beam. Consequently one
half of the width of the laser irradiated track is domain
inverted (see Fig. 1). The proposed scenario is summa-
rized in Fig. 2: Strongly absorbed laser irradiation gives
rise to a temperature pro¯le, (a), which implies opposed
temperature gradients (b). These result in a bipolar elec-
tric ¯eld, (c), which causes domain inversion in half of the
heated volume, (d): the width d of the resulting inverted
domain is expected to depend on the temperature pro¯le
and thus on the focusing and the power of the irradiating
laser beam.
Figure 3(a{c) shows PFM images obtained on a y-
cut CLN crystal where laser writing has been performed
along x- and z-directions. The individual laser tracks are
numbered in chronological order by 1 O to 4 O. When the
laser beam moves along the x-axis, which is perpendic-
ular to the z-axis (v ? z; 1 O and 2 O) domains of only
half the width of the laser beam are generated, and the
direction of the laser beam movement has no in°uence
on the generated domains. This corresponds exactly to
the situation which has been described above (Fig. 2).
However, when the laser beam moves parallel to the z-
axis, either a domain of the full width of the laser beam
is generated (v ¿ z; 4 O) or no domain at all emerges
(v ¶ z; 3 O). Note that previously written domains (from
the laser tracks 1 O and 2 O) have been poled back with
laser track 3 O (Fig. 3(b)).
The results of Fig. 3(a{c), although surprizing at ¯rst,
match the phenomenological model we described above,3
as is schematically shown in Fig. 3(d) under this experi-
mental con¯guration. The poling behavior seems to com-
ply with the following two rules: (i) Depending on the
orientation of the temperature gradient with respect to
the z-axis orientation only the part of the temperature
gradient that produces the appropriate ¯eld polarity will
result in ferroelectric domain inversion, as shown in the
schematic of Fig. 3, when the laser is scanned perpendic-
ularly to the z-axis and (ii) the ¯nal polarization state
is de¯ned during the cooling stage as the temperature
drops below Tc. Hence, when the laser scanning is along
the z-axis of the crystal, it is the trailing edge of the UV
beam with respect to the z-axis orientation that de¯nes
whether the cooling part of the crystal will domain-invert
or not.
In order to further support our interpretation of our ex-
perimental ¯ndings, we carried out a series of additional
experiments which we brie°y summarize in the following:
(i) the x- and the y-faces show the same poling behavior,
(ii) the width of the domains was found to decrease with
decreasing laser power (keeping the focussing constant),
(iii) their depth was measured to be of a few microns,
(iv) with strongly reduced laser intensity (by a factor of
two), poling was no longer observed, and (v) poling works
for both CLN and MgCLN crystals, which is an impor-
tant issue in terms of applicability of this technique. All
observations described above are in accordance with the
model described previously.
The experiments on the non-polar x- and y-faces of
LiNbO3 presented in this paper are a further facet of our
investigations on laser-induced domain formation with a
tightly focussed, strongly absorbed UV-laser beam using
LiNbO3 crystals. We would therefore like to put our ¯nd-
ings on the x- and y-faces in the context of the results
previously obtained on the polar z-faces,18 the irradiating
parameters being the same in all cases. Generally it can
be said that on the x- and y-faces and the ¡z-face, direct
poling upon laser irradiation is observed whereas on the
+z-face, poling inhibition, whereby domain formation oc-
curs only after subsequent electric ¯eld poling, was found.
According to our current understanding, domain forma-
tion on all faces relies on the heat pro¯le generated in
the crystal by laser irradiation. This is supported by the
fact that on all faces the depth of the generated domains
is of the same order (a few microns). In the case of x-
and y-faces and the ¡z-face, the direction of the spon-
taneous polarization was con¯rmed to follow the tem-
perature gradient, as has been observed previously.15,16
The presumed thermoelectric origin for the buildup of an
electric ¯eld causing domain reversal likely needs to be
expanded by also taking the pyroelectric e®ect into ac-
count, an issue demands certainly further investigation.
In the case of poling inhibition which is observed on the
+z-face, lithium redistribution due to heating was found
to play the crucial role.19
In conclusion, we have shown that ferroelectric do-
main reversal can be performed by UV-irradiation on
the non-polar faces of lithium niobate crystals, thereby
generating domains of a few microns depth. We sug-
gest that the mechanism for domain could be attributed
to a bipolar electric ¯eld that builds up during laser
irradiation. Together with the already established pol-
ing by UV-irradiation on the polar z-faces it is therefore
now possible to generate domain patterns on all crystal
faces, thereby allowing for a wealth of new possibilities
for application-relevant domain structuring.
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